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Strained GaJn 1 -,P multiple quantum wire light-emitting diodes: 
A luminescence polarization study 
P. J. Pearah, E. M. Stellini, A. C. Chen, A. M. Moy, K. C. Hsieh, and K. Y. Cheng 
Department of Electrical and Computer Engineering and MicroeIectronics Laboratory, 
University of Illinois, Urbana, Illinois 61801 
(Received 24 August 1992; accepted for publication IO December 1992) 
Strongly polarized photoluminescence and electroluminescence spectra have been obtained from 
strained Ga,In I -,P quantum wire heterostructures grown on ( 100) oriented, on-axis GaAs 
substrates by an in situ epitaxial technique. The phenomenon of strain-induced lateral layer 
ordering has been exploited in order to create lateral superlattices of GaJn, -,P compositionally 
modulated in the [l lo] direction with a modulation period of 96 A. The previous and subsequent 
growth of lattice-matched Gac5,1nu4,P ternary alloy epilayers results in the formation of 
compressively strained quantum wires. Transmission electron microscopy shows the wire cross 
sections to be -48 x 200 A. These structures exhibit 77 K photoluminescence spectra at 1.79 eV 
that are strongly (96%) polarized parallel to the wires due to strain resulting from the lateral 
compositional modulation. The intensity of this emission depends critically on the polarization 
of the incident excitation. Electroluminescence spectra from multiple quantum wire 
light-emitting diodes display anisotropic polarization as well. The energies and optical 
anisotropies of these luminescence bands are consistent with a simple theoretical analysis. 
The growth of compound semiconductor quantum 
well heterostructures in which composition modulation oc- 
curs parallel to the growth direction (longitudinally) has 
become routine with the development of modern epitaxial 
techniques such as molecular beam epitaxy (MBE) and 
metalorganic vapor phase epitaxy. More recently, interest 
in lower dimensional quantum wire (QWR) and quantum 
dot heterostructures for electronic and photonic device ap- 
plications has driven efforts towards controlling alloy com- 
position in the direction(s) perpendicular to the growth 
axis (laterally) as well. In particular, the achievement of 
multidimensional confinement is expected to lead to dra- 
matic improvements in laser performance’ and enhanced 
nonlinear optical properties.2 Further improvements in la- 
ser efficiency are predicted for strained QWR lasers.3’4 
In this letter, we describe the in situ formation and 
anisotropic photoluminescence (PL) and electrolumines- 
cence (EL) spectra of strained QWR heterostructures 
grown on (lOO)-oriented, on-axis, Si-doped GaAs sub- 
strates in the GaJn i -,P alloy system. The fabrication pro- 
cess requires neither pregrowth substrate patterning nor 
postgrowth wire formation. Growth was carried out in a 
commercial MBE system that has been modified for the 
use of group V hydride sources. Transmission electron mi- 
croscopy (TEM) was used to examine the structural prop- 
erties of the heterostructures. PL spectroscopy measure- 
ments were carried out with the samples in a cold finger 
type cryostat. EL spectra were measured from the cleaved 
edges of light-emitting diodes ( LEDs). The polarization of 
the spectra was determined by orienting a polarization an- 
alyzer before the spectrometer. 
The heterostructure used in this study is shown in Fig. 
1 (a). The growth of a longitudinal (GaP),/( InP)2 short- 
period superlattice (SPS) results in lateral superlattice for- 
mation via the strain-induced lateral layer ordering 
(SILO) process described previously.’ The average In/Ga 
composition of the (GaP)2/(InP), SPS layer varies peri- 
odically along the [l lo] direction. Four of these nominally 
undoped -200 A thick laterally ordered regions separated 
by 180 A bulk lattice-matched Gacs11nc4sP barriers are 
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FIG. 1. (a) Schematic diagram and (b) bright-field TEM cross section of 
the Ga,In,-$ MQWR heterostructure. A strained QWR array is formed 
parallel to the [ilO] direction. Lattice-matched G~&Q.~~P doped p type 
and n type above and below, respectively, form a LED device structure. 
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FIG. 2. The 77 K PL and PL polarization spectra of the Ga,In,+P FIG. 3. The 77 K EL _polarization spectra from the Ga,In,-P MQWR 
MQWR heterostructure. The bulk Gae,,Inc,,P and GaAs emissions LED emitting in the [l lo] direction (see Fig. 1). The dominant polar- 
show little or no polarization, but the MQWR luminescence polarization ization-is in the [lOO] direction, perpendicular to the direction of the 
is 0.96. dominant strain. 
imbedded between p-type and n-type Gaes11no.49P above 
and below, respectively, forming a multiple quantum wire 
(MQWR) LED structure with the nominally undoped 
MQWR array as the active region. A p-GaAs cap layer 
was included to facilitate ohmic contact formation. The 
cross-sectional TEM image shown in Fig. l(b) reveals a 
lateral composition modulation along the [ 1 lo] direction 
with a periodicity of -96 A, so that dimensionsof each of 
the In-rich wire regions are -48 X 200 A. The variation in 
the composition of the GaJni-,P in the laterally ordered 
region is determined from energy dispersive x-ray spectros- 
copy (EDS) data to be at least 0.35 <x ~0.56.~ 
As a further probe of the strained MQWR heterostruo 
tures, PL spectroscopy was performed with the samples at 
77 K and at 300 K. The PL spectrum for a sample excited 
with the incident beam polarized in the [ 1 lo] direction and 
its polarization are shown in Fig. 2. The polarization p is 
defined as 
where Iii0 and Iit0 denote the intensities of the spectra in 
the directions parallel and perpendicular to the wires, re- 
spectively. The peak at 1.48 eV originates from the GaAs 
cap layer, while the 1.99 eV peak is characteristic of bulk 
lattice-matched Gac5iInc,,,P. The dominant emission at 
1.79 eV is due to the MQWR array. Since there is no strain 
in the GaAs, the 1.48 eV PL is not polarized. The 1.99 eV 
luminescence is weakly polarized, probably as a result of 
the transfer of a small amount of strain from the adjacent 
MQWR region and/or strain due to a. slight deviation from 
the perfectly lattice-matched composition. The emission 
from the MQWR itself, however, is 96% polarized due to 
the highly strained nature of the structure resulting from 
the SILO process. This translates into a peak intensity ra- 
tio of over 24 for the two orthogonal polarizations, an 
order of magnitude greater than that of any polarized 
QWR PL spectrum reported to date. The peak of this emis- 
sion band shifts to 1.72 eV at 300 K, and remains 92% 
polarized. The intensity of the MQWR emission was also 
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found to be critically dependent on the polarization of the 
incident beam. The overall peak intensity of the 77 K PL 
(measured without the use of the polarization analyzer) 
was over three orders of magnitude greater with the inci- 
dent beam polarized in the [ 1 lo] direction than with the 
incident beam polarized in the [ilO] direction. This is an 
indication of highly anisotropic absorption properties. 
The PL measurements provide insight into the distri- 
bution of the strain in the (100) plane. Subthreshold emis- 
sion polarization has been demonstrated to be a sensitive 
probe of strain in the ( 110) and (110) planes in laser 
diodes.’ In this study, edge-emitting LEDs were fabricated 
so that the polarization of the EL spectra could be mea- 
sured both in the [I lo] and [ilO] directions. The EL spec- 
trum of an edge-emitting LED in the [ilO] direction is 
shown in Fig. 3 for the two orthogonal analyzer orienta- 
tions. The magnitude of the polarization exceeds 0.7 for 
both LED orientations, but the polarization of the EL in 
the [IlO] direction is parallel to the [ilO] direction, while 
the EL [ilO] (wire) direction is polarized parallel to the 
[lOO] direction. This is because when observing the [llO] 
face cross section, only the longitudinal (growth direction) 
ordering is visible (see Fig. 1); the structure looks like an 
ordinary multiple quantum well heterostructure. The EL 
emerging in the [l lo] direction is polarized primarily due 
to the strain between the Ga,,iIn,,,P confining layers and 
the In-rich regions of the MQWR array, and is, therefore, 
polarized in the lateral [ilO] direction, perpendicular to 
that strain. Looking in the [ilO] direction, however, re- 
veals the lateral ordering as well; one “sees” the competing 
compressive strains exerted on the lower band gap 
Ga,In, -,P (X < 0.35) QWR regions in the [l lo] and [lOO] 
directions. Since the lateral [l lo]-directed strain arising 
from the higher band gap Ga,In,-,P (x> 0.56) barriers 
originating from the SILO process is greater than the lon- 
gitudinal [loo]-directed strain due to the Gac,511no.4gP con- 
fining layers, the lateral strain dominates and the polariza- 
tion of the EL in the [ilO] direction flips relative to that of 
the EL in the [ 1 lo] direction. The results described above 
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are similar to those of Ref. 7, wherein the polarization of 
the output of InGaAsP laser diodes was shown to change 
from TE to TM under the application of external uniaxial 
tensile pressure parallel to the active region. 
An approximate calculation of the quantized energy 
levels appropriate for a QWR with the geometry deter- 
mined from the TEM images has been undertaken. The 
eigenvalues for strained rectangular quantum wells were 
determined using the efficient and exact method of 
Chuang.8 Since the EDS analysis of the MQWR region will 
tend to underestimate the composition contrast due to the 
effects of sample geometry and electron scattering, the 
compositions, X, of the In-rich and Ga-rich regions of the 
Ga,In, -2 in the laterally ordered region were taken to be 
0.33 and 0.58, respectively. Assuming (a) that the cou- 
pling between adjacent wires can be ignored and (b) that 
the quantized energies due to the confinement in the two 
perpendicular directions could be added, the energy levels 
were estimated. The confinement energy of the 200 A well 
is less than 10 meV, so the latter approximation is deemed 
adequate for a rough calculation; it has been shown that 
this approximation holds for QWR dimensions 2 100 A.’ 
The assumption of uncoupled wires tend to overestimate 
the energies. The energy obtained in this manner is 1.83 
eV, which is in reasonable agreement with the experimen- 
tal value of 1.79 eV. This simple analysis, in combination 
with the polarized nature of the luminescence, confirms the 
assignment of this energy to the ground state of the 
MQWR. 
In considering the polarization of the emission spectra, 
some discussion of its origin is in order. There are various 
symmetry-breaking perturbations that could, in theory, 
give rise to absorption and emission anisotropies.” These 
include the warping term of the Luttinger-Hamiltonian, 
anisotropic scattering, strain effects, and long-range CuPt- 
type ordering phenomena.” The first two would be ex- 
pected to give rise to relatively small optical polarization 
anisotropies on the order of a few percent, and hence are 
inadequate to account for the strongly polarized spectra 
reported here. Also, there was no evidence of CuPt order- 
ing in the MQWR region in any of the TEM images. Po- 
larization anisotropies have previously been observed in 
strain-patterned AI,Ga, -,& wires.12 The qualitative be- 
havior of the PL and EL spectra, including the opposite 
polarizations in the [llO] and [ilO] directions in the EL 
spectra, is consistent with the attribution of the polariza- 
tion anisotropies to strain effects. 
The strong dependence of the MQWR PL spectrum 
intensity on the polarization of the incident beam suggests 
that the absorption spectrum exhibits a similar depen- 
dence. Extending the approach used in Ref. 10 to the 
Ga,In,-2 material system, a simple estimate of the mag- 
nitude of the uniaxial pressure P or stress in the [l lo] 
direction required in order to polarize the absorption spec- 
trum can be determined using the relation 
p = rnfiM D,,d2P/3fi2y2?j, 
where S,, is the elastic constant, D,g is the deformation 
potential, y2 is the Luttinger parameter, and d is the well 
width, taken to be 48 A. Using this scheme and setting 
p= 1 for complete polarization, one obtains an estimate of 
15 kbar. Now defining the strain as ~=Sa/a, and taking 
the stress to be o=C,i~, where Cl, is Young’s modulus, 
the stress in the Ga+ssIno,~,P well regions is -20 kbar, 
which is large enough to account for the observed excita- 
tion polarization dependence of the MQWR PL spectrum, 
assuming that is due to preferential absdorption of light 
polarized parallel to the direction of the stress. In the above 
analysis, the relevant parameters have been obtained by 
linear interpolation between the known values for GaP and 
InP.13 
In conclusion, strained Ga,In,-,P MQWR hetero- 
structures have been formed via a simple, in situ SILO 
process using gas source MBE. TEM imaging confirms the 
existence of the QWR arrays with a wire cross section of 
-48 X200 A. PL and EL spectra are dominated by 
strongly polarized emission bands near 1.79 eV. This en- 
ergy is consistent with an approximate calculation using an 
experimentally determined lateral Ga,In, -XP composition 
variation of 0.33 <X <0.58. The polarization of the EL 
spectrum in the [l IO] direction is opposite that in the [ilO] 
direction, depending on the direction of the dominant 
stress. The extremely strong dependence of the MQWR PL 
emission intensity on the polarization of the incident exci- 
tation is explained in terms of the anisotropy of the absorp- 
tion spectrum due to strain effects. 
The authors wish to thank Professor S. L. Chuang and 
H. H. Chen for useful discussions concerning the calcula- 
tions. Access to the Microanalysis Center at the University 
of Illinois is gratefully acknowledged. Funding for this 
work was provided by the National Science Foundation 
(ECD-89-43 166 and DMR-89-20538), the Joint Services 
Electronics Program (N00014-90-J-1270), the Office of 
Naval Research University Research Initiative program 
(NOOO14-92-J-15 19KC), and the University of Illinois Re- 
search Board. 
’ E. Kapon, Proc. IEEE 80, 398 ( 1992). 
*I. Suemune and L. A. Coldren, IEEE J. Quantum Electron QE-24, 
1788 (1988). 
‘S. Ueno, Y. Miyake, and M. Asada, Jpn. J. Appl. Phys. 31,286 (1992). 
4See, e.g., K. Kash, J. Lumin. 46, 69 (1990). 
‘K. Y. Cheng, K. C. Hsieh, and J. N. Baillargeon, Appl. Phys. Lett. 60, 
2892 (1992). 
“K. C. Hsieh, J. N. Baillargeon, K. Y. Cheng, S. Bailey, C. H. Wu, and 
M. Mochel, Fall Meeting of the Materials Research Society, Boston, 
MA, Nov. 26-Dec. 1, 1990 (unpublished), extended abstract EA-21, p. 
263. 
‘D. T. Cassidy and C. S. Adams, IEEE J. Quantum Electron. QE-25, 
1156 (1989). 
*S. L. Chuang, Phys. Rev. B 43, 9649 ( 1991). 
9 K. B. Wong, M. Jaros, and J. P. Hagon, Phys. Rev. B 35, 2463 (1987). 
“G. E. W. Bauer and H. Sakaki, Surf. Sci. 267,442 (1992). 
“A. Mascarenhas, S. Kurtz, A. Kibbler, and J. M. Olson, Phys. Rev. 
Lett. 63, 2108 (1989). 
“K. Kash, J. M. Warlock, A. S. Gozdz, B. P. van der Gaag, J. P. 
Harbison, P. S. D. Lin, and L. T. Florez, Surf. Sci. 229, 245 (1990). 
13iVew Series of Landolt-Bornstein, edited by 0. Madelung (Springer, 
Berlin, 1982), Vol. III/17a. 
731 Appl. Phys. Lett., Vol. 62, No. 7, 15 February 1993 Pearah et al. 731 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
